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INIRODUCfiON
Two very different patterns have been observed in heavy-ion collisions. On the one hand, features of the "quasi-fission" process [1] are characterized by rather narrow mass (or charge) distributions and side-peaked gross-product (all masses) angular distributions. This • phenomenon has been observed in relatively heavy projectile-target collisions. [1] [2] [3] On the other hand, the label "deep-inelastic scattering" has generally been applied to lighter projectile-target systems [4] [5] [6] [7] [8] where the observed features are: relatively broad mass distributions, and forward-peaked angular distributions.
Detailed studies [9] of the reaction 197 Au + 620 MeV 86 Kr provided strong evidence that the two patterns of angular distributions are not necessarily due to different mechanisms, but can be associated with differences in the lifetime of the 11 intermediate complex:' The angular distributions for this reaction show a continuous transition from side peaking to forward peaking which can be explained by the effective increase in the lifetime of the complex due to the delay in populating asymmetries far removed from that of the entrance channel. In light of the above observations, it certainly seems plausible that the lifetime of the intermediate complex is the key to understanding the different patterns observed in light and heavy systems. The success of diffusion model calculations [9] , which incorporated an ~-dependent lifetime, suggests that . . -3- by decreasing the bombarding energy.
In this paper we compare recent data obtained at LBL's 88-inch cyclotron from a study of the bombardment of a natural silver target natAg(S~% 107 Ag, 48% 109 Ag) with a 170 MeV 40 Ar beam with previously published data on the same system at a higher bombarding energy [11] and with two examples obtained from Kr reaction studies [9, 12] . (All these data were obtained with a ~E-E telescope which allows the identification of individual atomic numbers up to Z-SO.) These data provide evidence for the characterization of a system's charge and angular distributions by the ratio E/B. A semi-quantitative model will be described . which attempts to justify the obser\red E/B scalmg by relating this ratio to the product of the lifetime and rotational velocity (i.e. the rotation angle) of the intermediate complex.
RESULTS
Charge and mass distributions obtained in a wide variety of targetprojectile combinations have been interpreted by Moretto and Sventek [13] in terms of a diffusion model employing the Master equation and by
Norenberg [14] using the Fokker-Planck equation. For the sake of simplicity, we shall take the latter approach. In a diffusion model the characteristic features of the mass (or charge) distribution are intimately related to the lifetime of the system. For exampie, a solution to the Fokker-Planck equation for a mass-a~etry driving potential of constarit slope is:
where ~(Z,t) is the population of element Z at timet, and Z 0 is the injection point. The quantities lll and ll 2 are velocities given by,
where A 2 , 2 is a macroscopic transition probability [13] . The charge (or mass) distribution described by Eq. (1) is that of a Gaussian which drifts and broadens in time. The variance cr 2 of the charge distribution is given by (3) so that narrow and broad charge distributions correspond to short and long lifetimes, respectively. is also observed (see Fig. 3b ). One should note that in both of the above systems there is no clear-cut distinction between quasi-elastic and deep-inelastic processes; only a single broad peak is seen near the grazing angle.
•
For the case of 620 MeV 86 Kr + natAg, the angular distributions are for the most part forward peaked (see Fig. 4a ). Although there is some weak side peaking for a few elements on either side of the pro~ jectile, it is entirely due to the separable quasi-elastic component (see Fig. 4a ). The extensive forward peaking indicates that the average system lifetime is long enough so that rotation can proceed through 
DISCUSSION
To justify the apparent connection between the ratio E/B and the observed characteristics of the charge and angular distributions, in the former case,one must relate this factor to the system lifetime and,in the latte~to the ratio of the lifetime to the rotational period (or, equivalently, the rotation angle). To do this let us consider a very simple picture, namely that of an "idealized" system which contains only a Coulomb interaction and no dissipative forces. We shall see that for this system the E/B scaling law follows.
Consider the quantity:
Provided that the Coulomb barrier is close to the interaction barrier, the above quantity can be written as follows:
where ~ is the reduced mass of the target-projectile at the interaction radius R; v 0 is the center-of-mass. velocity at the same radius; and z 1 , z 2 are the target and projectile charges.
Let us now consider an impact parameter such that the radial and tangential velocities are equal (i.e. ~rms). At the interaction radius these velocv ities are ~ . Then the first square bracket in the last expression repre-
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sents the time it takes the system, subject to a force equal to the Coulomb where v is the velocity; c is the force; irnax is the maximum i wave associated with the reaction. Thus we see that this simple model. predicts that the lifetime increases as the ratio E/B increases which in the case of a diffusive mechanism predicts a broader charge distribution for a. larger E/B.
The second square. bracket in eq. (5) is just the angular velocity (assuming no sticking and no dissipation). The product of the two brackets is the angle of rotation of the complex, prior to decay:
If the rotation of 1 radian is a good criterion for discriminating between orbiting past 0° and side decay, we then obtain: 1 = 2(~-1), or (7) (8) and one would expect side-peaked angular distributions for E/B ~ 1.5 and forward-peaked ones for larger values. Of: course, one should add an angular term to Eq. (7) which takes the deflection arising from the Coulomb field into account. However, this term is a monotonically increasing function· of E/B and will not effect the overall validity of the scaling. The success of this idealized model in predicting the observed dependence of the charge ~idths and angular distributions is encouraging, however, a more realistic approach must take viscosity into account. To estimate the possible effect of a viscous force on Eq. (5), we have integrated the equations of motion for a system with a potential of constant slope and a frictional force proportional to the velocity, and have assumed that the radial and angular equations are uncoupled. We find in this case that both the lifetime and angular velocity can decrease by as much as 30% for a large viscosity coefficient.
This reduction introduces an additional factor on the right-hand side of Eq. 5. However, one expects that in a complete solution to the equations of motion which properly account for the nuclear potential . \ there will be some cancelation of the effect of viscous forces. This cancelation would arise from the increase in the lifetime of the system caused by the deepening of the effective potential due to the transformation of orbital angular momentum into intrinsic angular momentum. However, the fact that the simple model considered above predicts the experimentally observed trend implies that there is some sort of cancelation of such effects. To properly account for the above dynamical effects, an effort is being made to incorporate them into diffusion model calculations.
In Table I particular, for these long times the ~-dependent d~ift (due to changes in av;az for different ~-waves) will generate an envelope of Gaussians with the centroids distributed over a large range, thus making the experimental widths far larger than our estimates (i.e. we estimate .
a variance of -7, compared to an experimental value of -76 obtained from a Gaussian fit to the Kr + Ag charge distribution, see Fig. 2a ).
Nevertheless, the overall trend in the data towards broadening at higher energies is reproduced by the calculations (see Table 1 ).
OJNCLUSIONS
The apparent dichotomy presented by rea~tion studies of light and heavy systems can be explained by differences in the average lifetime of the system. This conclusion is supported by the fact that it is possible to induce "quasi-fission" behavior in a relatively light sys- ..
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